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FLIGHT-PATH CHARACTERISTICS FOR DECELERATING
FROM SUPERCIRCULAR SPEED

By Roger W. Luldens

SUMMARY

Characteristics of the following six flight paths for decelerating
from a supercircular speed are developed in closed form: constant angle
of attack, constant net acceleration, constant altitude, constant free-
stream Reynolds number, and "modulated roll." The vehicles were required
to remain in or near the atmosphere, and to stay within the aerodynamic
capabilities of a vehicle with a maximum l1ift-drag ratio of 1.0 and
within a maximum net acceleration G of 10 g's. The local Reynolds
number for all the flight paths for a vehicle with a gross weight of
10,000 pounds and a 60° swept wing was found to be about 0.7X1086.

With the assumption of a laminar boundary layer, the heating of the
vehicle is studied as a function of type of flight path, initial G load,
and initial velocity. The following heating parameters were considered:
the distribution of the heating rate over the vehicle, the distribution
of the heat per square foot over the vehicle, and the total heat input
to the vehicle. The constant G load path at limiting G was found to
give the lowest total heat input for a given initial velocity. For a
vehicle with a meximum lift-drag ratio of 1.0 and a flight path with a
maximum G of 10 g's, entry velocities of twice circular appear thermo-
dynamically feasible, and entries at velocities of 2.8 times circular
are aerodynamically possible. The predominant heating (about 85 percent)
occurs at the leading edge of the vehicle. The total ablated weight for
a 10,000-pound-gross-weight vehicle decelerating from an initial velocity
of twice circular velocity is estimated to be 5 percent of gross weight.
Modifying the constant G load flight path by a constant-angle-of-attack
segment through a flight- to circular-velocity ratio of 1.0 gives essen-
tially a "point landing" capability but also results in an increased
total heat input to the vehicle.

INTRODUCTION

Studies of interplanetary missions indicate that atmospheric braking
can be markedly more efficient (in terms of weight requirements) than



propulsive braking (ref. 1). To apply atmospheric braking at the entry
velocities associated with interplanetary trips, several problems must

be studied. One of these 1s the question of whether the achievable aero-
dynamic entry corridors (e.g., refs. 2 and 3) are compatible with the
corridor capability of the planet approach guidance system. A second
problem is protecting the vehicle from the heat generated in decelerating
from the entry velocity.

In terms of acceptable G loads, entry to Earth at velocities
greater than circular appears feasible. The advent of ablation heat-
protection systems, in contrast to radiation- and heat-sink systems, also
makes possible the consideration of supercircular entry speeds from the
thermodynamic point of view. To minimize the weight of the heat-
protection system requires the use of "deceleration flight paths" that
have inherently low total heat inputs. The deceleration flight path is
defined as that segment of the total flight path in the atmosphere which
is flown for the purpose of decelerating the vehicle from an initial
velocity and altitude to a desired terminal condition. It is subsequent
to the maneuver which determines the entry corridor. The velocity change
during the entry maneuver may be small (ref. 3), so that to a first ap-
proximation the initial velocity for the deceleration flight is equal to
the entry velocity.

A number of studies of the heat input and flight mechanics of de-
celeration flight paths have been made (refs. 4 to 7). The stagnation-
point heat input per unit area nondimensionalized by functions of nose
redius Ry, lift-draeg ratio L/D, wing loading W/A, and drag coefficient

Cp 1s the parameter usually presented. TItems not considered in these

studies which are dealt with in the present analyses are: (1) the inter-
relation among the parameters Ry, L/D, W/A, and Cp required by the

vehicle geometry, (2) the heat input to the windward side of the vehicle,
(3) the integration of the heat input per unit area over the vehicle
area, and (4) the effect of differentiating between the vehicle maximum
and operating lift-drag ratios. The parameter heat input per unit ve-
hicle gross weight is used as a measure of the heat input to the vehicle.
This parameter is closely related to the ablated weight as a fraction of
the vehicle gross weight.

The present analysis yields closed-form results. The flight mechan-
ical approximations made are less restrictive than the assumptions used
to arrive at exist'ng closed-form solutions. The characteristics of
the following types of flight paths are derived: (1) constant angle of
attack, (2) constent G load, (3) constant heat rate, (4) constant alti-
tude, (5) constant free-stream Reynolds number, and (6) "modulated roll."
The fcllowing constraints are imposed: that the vehicle (1) remain in
ocr near the atmosphere, (2) stay within its aerodynamic capabilities,
and (3) stay within the G load capabilities of the payload and
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structure. A Reynolds number constraint is also discussed. The total
heat input to the vehicle and the G load history are discussed as a
function of the type of flight path, initial velocity, and the initial
G load. Finally, a method of controlling landing location is discussed.

ANALYSTS
The general objective of this analysis is to develop closed-form
solutions for the characteristics of the deceleration flight path.
Equations of Motion
The equations of motion including gravitation and aerodynemic forces

in the directions tangent and normal to the flight path may be written in
the nomenclature of figure 1 as

1av  -OpeVoAr -CpeVihgr (1)
gar ~ em SO T Ty -
72 72
CrpVeAr CrpV=Agr
Vdp C“IP =2 _ TP =
zar = " + (V8 - 1)cos ¢ = ——— + (V& - 1l)cos o (2)

The symbols are defined in appendix A.

The following assumptions are made: (1) that the flight-path angle
relative to the local horizontal is always small, so that cos ¢ is ap-
proximately unity and sin @ is approximately ¢, and (2) that sin ¢
is small compared with the nondimensional term representing the aerody-
namic forces in equation (1).

Equations (1) and (2) then reduce to

C
1 4av D
ga g (3)
Vg _ oL, w2 (18)
gdr = Cy

where G 1is defined as

_ CRpVZAr CvazAgr
G = 2m = Y




G represents the net force on the vehicle in terms of the planet g's,
or is the net acceleration vector felt by the pilot in planet g's.

For future reference, equation (4a), with the aid of equation (5)
and the definition of Cp (appendix A), may also be written as

L _L =2 _Vdo
mg W -V g dT (4v)
&
I._l
2m<1-72+29@) 2w<1-v_2+‘li‘2> S
pve - g dv/) _ g dt (4c) =
CiAr CrAgr
Also from figure 1, the component of 1ift in the vertical direction is
related to the total aerodynamic 1ift CL,a and the roll angle 6 by
CL = CL,a cos 6 (6)
Vehicle Aerodynamics
The vehicle aerodynamics (fig. 2) are calculated using the equations -

and assumptions given in appendix B. The vehicle design is specified by,
or characterized by, its maximum lift-drag ratio (L/D)_ ... In general,

for a given 1lift coefficient these curves have double values of Cp, Cg,

and «. In the present study the low range of angle of attack is used.

Flight Paths

Many possible flight paths can be considered; the present report
considers six particular flight paths and a generalized flight path. The
flight paths are defined as follows:

1) Constant a: 6

( 0; Cg, Cp/Cr, and Cp/CR are constant (see
fig. 2).

)

(2) Constant h: 6 = 0; p is constant.

)

(3) Constant G: 6 = O; CRp'\—/'2 is constant (see eq. (5)).

Il

(4) Constant Re: 8 = 0; pV 1is constant (see eq. (17)).

—3
(5) Constant §: 6 = O; pl/ZV is constant (see eq. (10)). .
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(6) Modulated roll: 6 is varied from 0° to 90° (or 180°) in a man-
ner to satisfy equations (4) and (6); the vehicle angle of attack is de-
fined to be constant, and hence Cg, Cp/Cr, and CL,a/CR are constant.

Heat Transfer

The heat transfer for the present analysis i1s estimated assuming a
laminar boundary layer. References 8 and 9 present a comprehensive re-
view of heat-transfer theories. These have been found adequate up to
Earth circular speeds and are assumed herein to be applicable also at
supercircular speeds.

Reference 10 gives the following form for stagnation-point heat
transfer:

(7a)

hse

~ 15.5x10-%23/2,1/2y3 [1 ) hw:l

ds = 172
RY/

where J = 0 for the two-dimensional leading edge consgidered in the
present analysis (j = 1 for a three-dimensional or spherical leading

edge). TFor entry from high velocities T << 1.0 and with equation
se

(72) in a form using V,
1/253
4. = 15.5x10-9 %V_ (gr)3/2 (7b)
] Rﬁ 2

This equation may be modified to include the effect of sweep and nose
radius angle by the relation suggested in reference 8 (pp. 19 and 22):

a
-,—Z = cosVA, cos A = [l - sin®A coszo]V/Z cos A (8)

4s

Combining equations (7) and (8) gives

) /o oL/ 273
4, = 15.5x107%(gr)5/2 9?11\172— cosVA, cos A (9)

The theory and experiments of reference 11 indicate that, for the high
velocities of the present study, v has a value of 1.5 for sweep angles
from O° to 60° and becomes less than 1.5 for sweeps greater than 60°.



(The theory and experiment of ref. 12 indicate that the value of v may
be as low as unity.)

The symbols defining the vehicle geometry and various flow compo-
nents are illustrated in figure 3. In calculating the heating rates and
total heat inputs, a family of vehicles was considered which are delta-
wing configurations having a wing sweepback angle A, a constant thick-
ness d, and a constant nose radius Ry. The configurations have no

separate fuselage, and the volume in the wing is considered the usable c3
volume. s
O
&
The following analogously simple equation for the heat transfer to
the windward side of the vehicle is developed in appendix C:
. -9 L L =2
d, = 15.0x10 kcgr‘/$sl:;| Ve=10.2 k, AX[CS o7 7 (10)
This result is independent of angle of attack between about 3° and 30°
for a constant roll angle 6.
General Form of Equations for Flight-Path Characteristics
In addition to those characteristics involved directly with the .

equations of motion there are other flight-path characteristics of in-
terest and these are given in general form here.

Altitude. - With the assumption of an exponential atmosphere, the
flight-path altitude may be calculated if the flight-path density is
known:

1 P
h= -=1n— 11
B Pgar, ( )

For Earth the values B-1 = 2.35x10%* feet and pgp, = 0-0027 (slug)(£t=3)

are used as suggested in reference 4. Also for later use it is noted
that
dh 1
— . = 12
dp Bp (12)
Radiation equilibrium temperature. - With the flight path and ve-
hicle design known, equations (9) and (10) give the heating rate per -

square foot q. In some applications the radiation equilibrium tempera-
ture, determined by the heat rate, is of interest; it is given by

_ (_EL) e (13)

ge

5



E~1001

Free-stream Reynolds number. - With the flight-path density p

known as a function of V and the vehicle characteristic length, the
free-stream Reynolds number may be calculated from

Re = p—Z}- ~er (14)

By use of equation (5), equation (14) may alternatively be written as

_ 2G(w[A)x
Re e e (15)

The free-stream viscosity is assumed constant and independent of altitude

for the present analysis, p = 0.37x106 slugs per foot-second, and x 1is
taken as f plus the root chord c¢ (see fig. 3).

Local Reynolds number. - Local Reynolds number is related to the
free-stream Reynolds number by a function of the free-stream Mach number,
the wing-sweep angle, and the angle of attack. The method of calculation
of the ratio of local to free-stream Reynolds number ReZ/Re is given

in appendix D and assumes ¥ = 1.2. The local Reynolds number is then

Rel
Re; = Re T (16)

The value of ReZ/Re depends on the value selected for v, and more

generally on the real gas properties. A more precise determination of
the local Reynolds number than that of appendix D is of little value at
present, because the transition Reynolds number is not accurately known.

Flight-path angle. - As mentioned previously, it is assumed that
the flight-path angles are small, and hence

v

sin @ ~ @ ~ T; (17)

But
v, - _hdod (18)

and by use of equations (3), (5), and (12)

C gV
o= = (19)
2B 1 av



The preceding characteristics are point functions along the flight
path. The succeeding characteristics result from an integration along
the flight path.

Time of flight. - The time of flight is obtained by integrating the .
time increment from equation (3) as follows:

2 V) vy
‘= ar = E v ‘f_ v (20)
g . Cp g a Cp
Cr 2 Cr
Tl v V2

Range. - Using equation (3) for dt and approximating cos ¢ by
unity give the range traversed during the deceleration:

2 V1
R = Vecosgpdr=r % (21)
a D
— Cr
v
1 o

Total heat input. - One of the important criteria of merit for a
heat-protection system is its weight as a fraction of the vehicle gross
weight. If, for example, the heat-protection system is of the ablation
type and has a characteristic heat-gbsorbing capacity C in Btu per
pound, then the ablated weight may be expressed as

TN T =0T

W
e (22)

Q-
=10

The present analysis deals with the parameter Q/W which results from
a double integration (along the flight path and over the vehicle). The
integration along the flight path yields the total heat input per square
foot, which is given by

2 Vl
q= da:ﬁ 9-% (23)
€ D
¢
v R

1 2 .
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where § is given by equations (9) and (10) and dtv 1is again given by
equation (3).

The integration over the vehicle has the general form

g_;/ d_A—l// a + L andr (24)
Wow qda=g Gy 48 dn + 4Ry 4
N A, A,

This integration is discussed in detail in appendix E.

Sample Development of Flight-Path Characteristics
for a Constant Reynolds Number Path

The case of "constant free-stream Reynolds number" is considered
here in detail. The velocity ratio V 1is taken as the independent vari-
able. The free-stream Reynolds number is given by equation (14) or (15), *
if the vehicle is specified (i.g., f+c and W/A are constant and given).
Then for Re to be constant, pV must be constant. Since G (eq. (5))
and all the terms collected on the left side of the equation

pVAgr _ ;G (25)

oW CRV_

are defined as constants, the right side must also be a constant. This

is the relation given in column 2 of table I. The first column identifies
the type of flight path. The term in braces is a constant for the flight
path and is specified if the path Reynolds number is specified.

Equation (25) may then be solved for p as a function of V to
give column 3 in table I:

W 1
p=27 = % (286)

Because {G/CRV} is a constant along the flight path,

G, _—
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which is the result given in column 4. To determine the flight-path
angle ¢, the derivative dp/dV 1is required in equation (19). This may
be obtained from equation (26):

dp W
/= -2 2 = — z
av A (z8)

Combining equations (19) and (28) leads to the result in column 5:

o = - 4= (29)

With ¢ having been determined, the term g %% can be discussed. From

equation (29)

= === s (30)

where the term é %% is given by equation (3), and G in that equation

is given by equation (27) (or column 4). With these substitutions equa-
tion (30) becomes

2
vap _ _ 1]al¥D) 2.

e (31)

The term % %% (column 6) is equal to -kpo (column 18). For CD/CR

and CR constant, an assumption regquired later, kpo is constant.

Equation (4a) may now be solved for the lift coefficient, using the
result of equation (31) and equation (27) for G, to arrive at the re-
sult in column 7:

72
1-7° - kpe

Cp = {—G:}V (32)
gV

The free-stream Reynolds number (column 8) is given by equation (14)
and is a constant for this case. More generally it may be obtained from
the relations of p to V 1like equation (26) or column 3 of table I.

TOOT-H
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Obtaining the local Reynolds number (column 9) requires knowledge
of the wing sweep angle and the angle of attack. The wing sweep is part
of the vehicle design specification. The angle of attack is determined
by figure 2 using Cp from equation (32) and the vehicle (L/D)max‘

The heating rate to the leading edge qz (eq. (9)) now depends only

on the parameter p, which has been determined, and on the independent
variable V. This result is shown in column 10. The heating rate to

the windward side gq, (eq. (10)) depends on L/A, which may be determined

from equation (4b) and the result of equation (31) or column 6 as fol-
lows:

=21 -T - e (33)

el )

Making this substitution in equation (10) gives the result listed in
column 11 of table I.

The point functions have now all been determined, and it remains
to determine the integrated functions. The time of flight may be ob-
tained from equation (20) and the equation for G from column 4 (or
eq. (27)), where the term in braces is a constant, so that

vy
T = ‘/i L S\ (34)
8| a C_DCR v
v ) =
Vo

The variation of CD/CR and CR (or just Cp) as a function of V re-

quired in equation (34) can be obtained from the curves of figure 2 and
equation (32) for Cp. Hence, equation (34) can be integrated graphi-

cally or by numerical methods for the most general cases. The present
report, however, deals only with the more simple cases where CD/CR and

Cr can be approximated by constant values and closed-form solutions can

be thus obtained. This assumption is different from the assumptions for
the case of constant o for which CL/CR in addition to CD/CR and

Cr 1s constant. With the assumptions of CD/CR and Cr constant,
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which are noted in column 12, equation (34) becomes

(35)

which integrates to the result in column 13.

By similar substitutions and assumptions, equation (21) for this
range becomes

(36)

which integrates to the result in column 14.

Again with the similar substitutions and approximations, and by
use of the result in column 10 or equation (9) for a;, equation (23)

for q; becomes

= v vL.5
q, = 14.9 cos¥A_ cos %{VRNA‘/{’?CD / 715 a7 (37)

CRV Cr Cr

which integrates to the result in column 15.

When column 11 or equation (10) with 6 = O is used for qw in

equation (23), the integral equation becomes

Vi
T W =2 = .=
g, =10.2 kc‘/-_é‘/A—;{ /; ‘/Tl -T2 - kg | VAT (38)

Va

—=r =
CRV R
which integrates to the result in column 16.

The integration over the vehicle to obtain Q/W indicated by equa-
tion (24) is carried out in detail in appendix E and gives the results
shown in columns 17 and 18. Alternative forms for the denominator of
columns 17 to 18 are shown in the bottom row.

—AAT T



E-1001

13

The results for all the other flight paths except constant « can
be derived in a similar manner. The case of constant angle of attack is
discussed in appendix F.

RESULTS AND DISCUSSION

The results of the analysis for all the flight paths studied are
summarized in tables I and IT.

Tables of Equations

The first column of table I gives the name of the flight path. The
term in braces in the second and subsequent columns is constant over the
flight path. The equations with the exception of those in columns 10,
11, and 15 to 18 apply to any planet. The results in the aforementioned
columns are given in table IT in a form which is applicable to any planet
that has an atmosphere with heat-transfer characteristics similar to
Earth. The equations for G are in terms of planet g's, and V is the
flight velocity divided by the planet circular velocity.

Three heating parameters are presented:

(1) Heating rate q (in Btu/(sq ft)(sec)). This is the parameter
of interest, for example, for radiation cooling.

(2) Heat input per square foot of vehicle ¢, which depends on the
location with respect to the stagnation point of the area being con-
sidered. (The stagnation point is not a fixed geometric point except
for the cases of constant o and modulated roll.) The parameter q re-
sults from the integration over the flight path of the heat input to a
given location.

(3) Heat input Q = (Q; + Q,), which is related to the ablated weight

and involves an integration over the vehicle surface as well as over the
flight path.

The heating parameters are presented for two regions on the airplane:
(1) the region in the vicinity of the leading edge or stagnation point,
where the heating is a function of nose radius RN’ nose radius coordi-

nate angle A, and sweep angle A, and (2) the windward side of the ve-
hicle, where the heat input is a function of the distance x from the
stagnation point. The heat input to base and lee regions is not con-
sidered.



The term ki (column 17) accounts for the reduction with angle of

attack of both the effective sweepback angle and the area of the leading
edge subject to heating. The value of k; 1s approximately unity. The

term k. (columns 11, 16, and 18) accounts for the relative 1ift generated

by the windward side and the leading edge. The term Xk, accounts for

the length of boundary layer ahead of the windward side. The term k
with a subscript to designate the flight path (e.g., kRe) accounts for

the amount that the flight-path curvature differs from the planet surface
curvature. Both ko, and Kk, approach unity for slender (or high

(L/D)max) configurations and have a value of about 0.5 for the
(L/D)max = 1.0 configuration of this report.

In table I the heading "Modulated angle of attack" indicates the
flight paths for which the 1ift vector is constrained to the vertical
direction. For all but the constant « case, the assumption of con-
stant CD/CR restricts the angle of attack to the viecinity of 0° or 900,

as may be seen from figure 2. The present results are for o near 0°.

"Modulated roll" in table I designates a specific case where angle
of attack with respect to the free-stream direction is constant (hence,
Cr» CD/CRi and CL,a/CR are constant) and the variation of the roll angle

6 with V 1is given by the equation in column 1. This relation between

6 and V gives a constant G and 6 =0 at Vj.

Comparison with Other Analyses

To obtain closed-form solutions, a number of simplifying assumptions
have been made. As an indication of the accuracy of the present analysis
in the stagnation region, a comparison is made for the constant-angle-
of-attack path with the results from machine integrations of the equa-
tions of motion and heating presented in reference 4. The procedure for
reducing the results of the present report to the form of reference 4 is
given in appendix G. Figure 4 presents the horizontal component of the
G load Gy and the heating-rate parameter ¢ as a function of velocity

ratio V for an L/D of 0.1 and 1.0 and an initial velocity ratio v
of 0.99. The heat-input parameter g for decelerating from V = 0.99
to V=0 is given as a function of L/D. In the calculation of §,
the function F of table I was evaluated at the maximum value of V.
The present analysis generally gives the greater heat input. In all
cases the agreement between the two analyses is considered satisfactory.

TANT =T
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To indicate the accuracy of the present analysis in estimating the
heat input to the windward side of the vehicle, a comparison is made with
the results of reference 13 for the constant-angle-of-attack path. The
results of reference 13 have been extrapolated to the condition of zero
wall temperature and apply for the case of F =1 1in table I. Figure 5

compares the heating-rate parameter ci(x/(W/A))l/2 and the heat input

cl
~//. q dx
O —

per unit span parameter __———_—i7§— as a function of velocity ratio V
L(c'W
D(.A )
for an initial velocity V of 1.0. Also shown is the variation of heat-
ing rate with angle of attack for constant 1ift. In general, the agree-
ment between the two analyses is satisfactory. Compared with reference
13, the present analysis indicates increasingly higher heat inputs with
increasing angle of attack. The maximum angle of attack to which the
present analysis is applicable depends on the degree of approximation

considered acceptable. The present analysis is about 15 percent higher
at a = 30°.

In general, the accuracy of the present analysis is adequate for
preliminary studies.

Some General Considerations

For atmospheric braking it is desired to determine a combination
of vehicle geometry and flight path which will result in a low heat in-
put to the vehicle. Generally there is a substantial increase in con-
vective heat input to the vehicle if the boundary layer on the vehicle
is turbulent rather than laminar. Thus it is desirable to restrict the
flight path to conditions for which laminar boundary layer can be main-
tained. An indication of the possible nature of the boundary layer is
given by the magnitude of the Reynolds number. Two Reynolds numbers can
be considered, the free-stream value, and a local value at the edge of
the boundary layer. The free-stream Reynolds number depends on the
vehicle design parameters W/A and c¢ and on the flight-path parameter
G (see eq. (17) or (18)). The local Reynolds number is further influ-
enced by the vehicle design factors of leading-edge bluntness and sweep
and the operating parameter of angle of attack. Both local and free-
stream Reynolds number are presented in the section Point Functions.

The local Reynolds number is interrelated with the problem of hot-
gas radiation. At entry velocity ratios V greater than 1.0, the heat
input from hot-gas radiation can equal or become larger than the con-
vective heat input to an unswept stagnation region. The lowest heat in-
put to the vehicle will usually exist if hot-gas radiation is avoided
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where possible. This requires that the vehicle surface angles be small
with respect to the free-stream direction to avoid high air static tem-
peratures. In general, unsweeping the wing leading edge decreases the
local Reynolds number but tends to aggravate the problem of hot-gas radia-
tion. The choice of wing sweep angle is, therefore, a compromise. The
calculations for the present study were made for a sweep angle of 60°.
Also to avoid hot-gas radiation the low-angle-of-attack rather than high-
angle-of-attack region of aerodynamic operation was chosen. The choice
of the low-angle-of-attack range and the 60° sweep is assumed to reduce
the heat input from hot-gas radiation to a low value compared with the
convective heat input. Only the convective heat input is considered
subsequently in this report.

Point Functions

The evaluation of the various flight paths for decelerating in the
Farth atmosphere is discussed with the ald of figures € to 11 in which
is plotted the variation of the point functions of table I with V. A
second abscissa shows elapsed time in minutes with time equal to zero at
V = 2.0. To arrive at numerical results, a vehicle design defined by

pp = 20 pounds per cubic foot, W = 10,000 pounds, A = 60°, and
(L/D)maX = 1.0 was assumed. (Higher values of (L/D)maX

larger heat inputs.) For a vehicle like that of figure 3 and the above
numerical values, the following vehicle characteristics may be determined
by the equations given in appendix E: W/A = 83 pounds per square foot,
Ry = 2.06 feet, and c=14.5 feet. A length of 18.8 feet was used in

the calculation of the Reynolds numbers. Vehicle operation 1s in the
low-angle-of-attack range, and the assumptions are made that Cp ="CD,o

result in

and CD/CR = 1.0, although for some cases more precise approaches to the

calculation of the point functions are possible. All the flight paths
have a common point, at V= 2.0, G =10 g's, and 6 = O.O This results
in approximately the same values of o and h, about 5.3  and 162,000
feet, respectively. When appropriate, the following physical limits are
noted on the curves: ICL,max = 0.9, Gyax = 10 g'ls, hoip =0, and

g = 190 Btu/(ft"z)(sec), or ‘tz = 4460° R for an emissivity of unity.

Flight-path angle. - The fact that for all cases the flight-path
angle ¢ 1is small except in the viecinity of V = 0 Jjustifies the assump-
tion of small angles. For all cases except constant « (fig. 6), ¢ is
also continuous. For the constant o case, ¢ changes discontinuously
from plus to minus near V = 1.0 and the altitude becomes indefinite.
This situation is physically approached by a shallow skip out of the
atmosphere at V =1.0. In spite of this indefiniteness in the altitude,
the heat input to the vehicle remains finite as is shown later (see also
columns 17 and 18 of table I).

TOOT-H



E-1001

17

Altitude and 1lift coefficients. - For all cases except constant h
(fig. 7) the altitude becomes less than zero for V approaching zero.
On the constant h path excessive lift-coefficient requirements are en-
countered at V's approaching zero. The constant Re path (fig. 8)
also requires excessive 1ift coefficients at low Vis. In a practical
flight these and other low-speed anomalies are usually precluded by
specifying some terminal condition of velocity, 1lift coefficient, or
altitude. The actual flight path may deviate from the specified path in
the low-speed range with little effect on the total heat input calculated
from an initially supercircular velocity, as is shown later.

The 1ift coefficient is negative; that is, 1ift force is directed
toward the Earth for flight velocities greater than circular. This
occurs fundamentally because the centrifugal force tending to "throw"
the vehicle out of the atmosphere is greater than the gravity force and
the difference in these forces must be counteracted by the 1lift. For
all cases except constant G (fig. 9), constant ¢ (fig. 10), and modu-
lated roll (fig. 11), the 1lift coefficient is positive (directed away
from the Barth) for subcircular velocities, because at subcircular speed
the centrifugal force is less than the gravity force. However, to satisfy
the assigned values of ¢ and G for the cases of constant {, constant
G, and modulated roll, negative lift coefficients are required at sub-
circular speeds as well as at supercircular speeds (because of the term

(v/g) (dp/at) in eq. (4)).

G load. - For the constant G path (G = 10 g's), the abscissa of
figure 9 shows that the time of deceleration in the region of strong
heating, that is, from V=12.0to V~O0. S5, is about 2 minutes. This
combination of g's and time is about the presently accepted limit of
human tolerance if useful functions are to be performed by the man. For
this reason G,,, = 10 g's was used in the present examples.

For all cases except constant 4§ (fig. 10) the G load is at or
below the initial G value at V =_2.0. For the case of constant é
the G 1increases with decreasing V +to maintain { constant. At a
V  higher than 2 the Cj Dbecomes excessive. These same characteristics

exist if other values of constant q are specified. Thus it is con-
cluded that the constant q path does not have application over a wide
range of V.

Angle of attack. - The angle of attack is shown as positive. For
the flight paths where the 1lift coefficient varies from minus to plus
along the flight path, one has the choice of permitting the sign of the
angle of attack to change or of rolling the vehicle 180°. 1In the latter
instance the same side of the vehicle remains the windward side. The
vehicle angle of attack is for all cases equal to or less than the angle

of attack at V = 2.0, where a is about 5.3° (except for the very low
V's). From figure 2 1t can be seen that Cp, CD/CR, and Cg vary less
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than *5 percent from a mean value over the angle of attack range 0° to
5.3°. More generally, for G; = 10 g's and (Cy/CR), = (1 - 72)/Gi

i
(eq. (4a) with %% = O), Cp, for example, varies less than *7 percent

from a mean value up to V; = 2.25 for (L/D)max =1 and 2, the values

of (L/D),,y examined. An increase in G; will increase ?i, for which

the variation of the ccefficients is small. Hence, for many problems of
interest it is a good approximation tc use constant values for Cp,

CD/CR, and CR as 1s required to arrive at some of the integrated func-

tions.

Free-stream Reynolds number. - The free-stream Reynolds number Re
is also shown in figures 6 to 11. The case of constant h shows a
linearly decreasing Reynolds number with decreasing V. The case of con-
stant G for G = 10 g's shows increasing Reynolds number with decreasing
V and values much larger than for the other cases in the lower V range.
The various flight paths illustrated thus offer a choice of increasing,
constant, or decreasing Reynolds number with decreasing V.

Local Reynolds number. - The transition from laminar to turbulent
flow in the boundary layer is more significantly related to the local
Reynolds number than to the free-stream Reynolds number. The variation
of the local Reynolds number Re; with V is shown for the condition

that the wing leading edge is blunt and swept 60°. All the flight paths
except modulated roll (fig. 11) show a dip in Re; in the vicinity of

V =1 followed by a rise in Re; for V <1.0. For the flight paths of

constant G and constant Re, this dip is associated with a lower angle
of attack in the vieinity of V = 1.0. For the constant o case it is
associated with a low air density (see fig. 6). In the vicinity of

V = 1.0, the local Reynolds number for both the constant « (@ ~ 5.3°)
and constant G (G = 10) cases is substantially lower than for the
modulated roll case (G = 10 g's and « = 5.3°). This illustrates a dis-
advantage of using modulated roll. The high local Reynolds number for
modulated roll is assoclated with the combination of the high air den-
sity and the 5.3° angle of attack at V = 1.0. The effect of angle of
attack on the ratio ReZ/Re is discussed in appendix D. In general,

for the flight paths considered, it appears less difficult to achieve
low local Reynolds number at supercircular than at subcircular speeds.

The constant o, constant h, constant Re, and constant G flight
paths show rather small variation in Re; with V and little variation

among the several flight paths over the speed range from V = 3.0 to
0.8. In this speed range the general level of the local Reynolds number,
0.7XlO6, suggests an extensive run of laminar boundary layer on the ve-
hicle is possible.

TANT =T
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Heating rate. - The values of the heating rate é shown are for a
vehicle density pg = 20 (1b)(£t-3) and apply to the swept leading edge

(A = 60°) (note that, in column 10 of table I, W/RyA = 2pp). For all
N f

cases except constant §, values of { increase with increasing V.

The temperature limits of presently known materials (e.g., ceramics) are
about 4460° R. By equation (16) this corresponds to

g = 190 (Btu)(ft-2)(sec™l). TFor this value the best case, constant a,
shows that entry velocity ratios V up to 1.3 may be possible with
radiation cooling, for the present vehicle and flight path. (The flight
path and vehicle design shown do not yield the lowest possible radiation
temperatures.) For entry velocity ratios greater than approximately 1.4
radiation cooling is probably not possible, and hence there is interest
in the total heat input to the vehicle.

Maximum entry velocity. - From equation 4(a) for G; = 10 g's and
the maximum values of CL/CR shown in figure 2, it can be determined

that entry velocities of 2.8 times circular are aerodynamically possible
with a vehicle with an (L/D)max of 1.0. Still higher entry velocities

are possible with a vehicle with a higher (L/D)max‘

Summary of point functions. - The more important conclusions from
the discussion of the point functions may be summarized as follows:

(1) A1l the flight paths considered except constant ¢ are or ap-
proximate physically possible flight paths.

(2) For G4 = 10 g's and (L/D)max = 1.0 or 2.0 the assumption of
Cr»> Cp, and CD/CR constant is a valilid approximation up to an entry
velocity ratio V of about 2.25.

(3) With the vehicle designs and flight paths assumed, radiation
cooling appears impossible for entries at supercircular speeds corre-
sponding to V > 1.4. Hence, the total heat input into the vehicle is
important.

(4) The local Reynolds number for many of the flight paths of in-

terest is about 0.7x108. This value suggests the possibility of a
laminar boundary layer.

Total Heat Input

For the assumptions of laminar boundary layer and hot-gas radiation
negligible because of low vehicle surface angles and with heat input to
base and lee regions neglected, the total heat input to the vehicle is
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given by the sum of columns 17 and 18 of table I or II. The total heat
input depends on many factors, and these may be categorized as follows:

(1) Factors that depend on the flight plan: terms in braces or in
column 2 that define the variation of G with V and the terms in
brackets in columns 15 and 16 that depend on the initial and final veloc-
ity of the deceleration flight path.

(2) Factors that depend on the vehicle design: vehicle density,
pr; gross weight, W; wing loading, W/A; and wing sweep angle, A.

(3) Factors that depend on both vehicle design and flight plan: Cr,
and L/D or CD/CR and Cg. These depend on design through the con-

figuration maximum lift-drag ratio and on the flight plan through the
operating lift-drag ratio or angle of attack.

The heat input along families of flight plans related in two ways
to the curves of figures 6 to 11 will be considered. For the first family
the flight plans start at various points along the curves of figures 6 to
11 and the flight path then follows these curves. The second family is
defined by the condition that, at the initial velocity V;, the initial

G load G; 1s 10 g's.

Figure 12 considers the first family of flight paths, which have in
common a net acceleration of 10 g's at V = 2.0, and presents the heat
to the windward side of the vehicle Q  and the total heat input Q

(the sum of the heat inputs to the windward side and to the leading-edge
region) as a function of V5. Though not shown by the curves, from the

equation of tables I and II, the heat input Q equals zero for Vi = O.

Each point in figure 12 can be interpreted as giving the heat input
for a complete "deceleration flight path" having a terminal velocity of
zero and the initial velocity and initial G given by figures 6 to 11.
The history of the flight is also given by figures 6 to 11. Tor the
supercircular speed range the flight paths in order of increasing total
heat input for a given V35 rank as follows: constant G, modulated

roll, constant Re, constant h, and constant «. At Vi = 2, the con-
stant o case has dbout twice the heat input of the constant G case.

The curves of figure 12 can also be interpreted to show the distri-
bution of heat input as a function of V. TFor example, for a flight
starting at any initial velocity, the contribution to the heat input in
decelerating from V = 0.5 to O is given by the Q at V = 0.5. With
this interpretation for all the flight plans the heat input for decelerat-
ing from V = 0.5 to O is generally an order of magnitude less than the

TNANT=1T
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total heat input for decelerating from any supercircular speed. A precise
determination of the total heat input at the low speeds 1s not essential
to an accurate estimate of the total heat input in decelerating from
supercircular speeds. This implies that neglecting the low-speed anom-
alies previously discussed in regard to the point functions has little
effect on the accuracy of calculating the total heat input for the de-
celeration from supercircular speeds, and therefore these anomalies have
been neglected in the present calculations. For most flight paths the
total heat input to the windward side of the vehicle is about 15 percent
of the total heat input, for a vehicle with an (L/D)max of 1.0.

The second family of deceleration flight paths considered is shown
in figure 13. ZFach point in the figure represents a complete decelera-

tion flight path having the V; given by the abscissa and G; = 10 g's.

The values Tfor Vi = 2.0 for all the flight plans and for the complete

curve for constant G are the same for figures 12 and 13. In the super-
circular speed range the flight paths generally rank in the same order

as for the preceding family of curves. The equations for the constant o
path are of questionable accuracy for the very low L/D's (L/D < 0.03)
that result for V; close to unity, and hence results are not shown at

V less than 1.2.

The relation of the ablated weight to the total heat input is given
by equation (26). An ablation system based on the extrapolation of the
data of references 14 and 15 to the conditions at supercircular speeds
and a system utilizing the boiling of lithium (ref. 16) both indicate
the possibility of an effective heat-sbsorbing capacity of about 10,000
Btu per pound of ablated weight. Using this value for C in equation

(26) for Vi = 2.0 and G; = 10 g's gives values of the ablated weight

as a fraction of the vehicle gross weight of 0.039 and 0.085 for the
flight paths of constant G and constant a«, respectively. Halving the
value of C would double the ablated weight. From the consideration of
the ablated weight it is concluded that entries at V = 2.0 and greater
are feasible.

The distribution of heat between the windward side and the leading
edge of the vehicle depends on the G load, as illustrated in figure 14
for a family of constant a flight paths with V; = 2.0 and for a ve-

hicle with an (L/D)m_ax of 1.0. As the initial G load decreases, the

vehicle angle of attack and initial flight altitude must increase to
satisfy equations (4a) and (5). Because of the assumption of constant
Cp eand CD/CR the other flight plans cannot be considered over this

wide a range of G or a. The curves show that the heat input to both
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the leading-edge region and the windward side of the vehicle increases
with decreasing G load. Reducing the initial G; from 10 to 4.25 g's

about doubles the total heat input. The value G; = 4.25 g's is the

minimum at which the constant o path can be initiated. Also the pro-
porticn of the heat input to the windward side of the vehicle increases
from about 15 percent at Gy = 10 g's to 47 percent at G; = 4.25 g's.

The increased angle of attack accounts for the increased proportion of
heat to the windward side of the vehicle.

While the heat input for the constant o, G; = 4.25 g path is 2.2
= 10 g path, it is 4.9 times larger

TNANT="T

times that for the constant o, Gy

than that for the constant G = 10 g path. This indicates the importance
of both the G level and the type of deceleration flight path to the
vehicle heat input.

Figure 14 also shows the Reynolds numbers at Vi = 2.0. Decreasing

the G load decreases the free-stream Reynolds number almost directly,
as would be expected from equation (18) (for constant CR). Increasing

angle of attack, however, increases the ratio of local to free-stream
Reynolds number (see appendix D), so that decreasing G; has essentially

no effect on the local Reynolds number.

Control of Landing Location

One of the practical requirements that may be placed on an entry
vehicle is that it have the capability of landing at a predesignated
location. The problem of achieving a low total heat input on a flight
path that will also yield control of the landing location can be studied
to a first-order approximation with the present solutions.

To land at a predesignated location requires control of motion both
down and cross range with respect to the Earth's surface. By column 14
of table I the down range for the constant o case is indefinitely large.
For this case the analysis implies that at V = 1.0 the vehicle glides
up out of the atmosphere into an orbit of indefinite duration. (The de-
tails of this maneuver are not defined by the equation. If the vehicle
exits from the atmosphere at a small angle as indicated by fig. 6, a
small rocket may be required to "ecircularize" the orbit, and then a second
small rocket may be required to initiate reentry.) Cross range movement
may be cobtained by waiting for the Earth to rotate through the plane of
the orbit If, for example, the vehicle had glided into a polar circular
orbit, all of Earth's surface passes through the plane of the vehicle in
1/2 revolution of Earth or in 12 hours. This time corresponds to about
8 revolutions of the vehicle about Earth. A down-range capabillity of 8
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revolutions thus yields a control of cross range. With the aerodynamic
cross-range capability such that half the distance between the traces on
the Earth's surface of two successive orbits can be traversed during the
deceleration from the circular orbit, the vehicle can potentially land
at any predesignated location.

The present discussion deals with the down range and total heat in-
put for some possible flight plans that include control of landing loca-
tion by control of the flight through V = 1.0. The flight plans con-
sidered are illustrated in figure 15 in terms of the G history against
V. The flight paths are composites of the constant G and constant o
flight paths, and all begin at V = 2.0 with an initial deceleration of
G =10 g's. Figure 15(a) shows the constant a case modified by a con-
stant G segment through V = 1.0. The magnitude of the deceleration
during this constant G segment is designated Gy,, because 1t is the
minimum deceleration that occurs during the deceleration. Then Gpin
can be considered an independent variable. For Gpi, = O the general

path reduces to the constant « case and for Gpin = 10 g's to the con-
stant G case.

The variation of Q and range with Gy, is presented in figure

16. The minimum @ and range occur for G = 10, and the values are

min
390 Btu per pound of gross weight and 0.032 of the Earth circumference,
respectively. The meximum Q and range occur at Gy;, = 0. At

G

the range is indefinitely large. These data show that increased range
results in an increase in total heat input and that the maximum total
heat input is finite and occurs for an indefinitely large range.

in = 0 the value of Q 1is a little more than twice the minimum, and

Figure 15(b) illustrates a family of flight paths, all of which,
according to the present analysis, have indefinitely large range. The
deceleration begins at v = 2.0 along a constant G path. At a speci-
fied velocity designated V_  the flight path is changed to a constant «

path, which yields an indefinitely large range. With V& considered an
independent variable, for v& = 2.0 this case reduces to the constant «

case previously considered. Figure 17 presents the total heat input
plotted against V_ . Decreasing V, reduces the total heat input. At

Va = 1.3 the total heat input is 32 percent more than the value for a

constant G of 10 g's, compared with 120 percent more for V = 2.0,

which is the constant « case.

To obtain control of the range the flight paths of figure 15(b),
like those of figure 15(a), can also be modified by a constant G segment
through V = 1 as shown in figure 15(c). From the discussion of the
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flight paths of figure 15(a), it can be concluded that the heat inputs
for the flight paths of figure 15(c) will fall between the two curves of
figure 17.

Several comments about the limitations of the present range controcl
calculations may be made. The composite flight paths considered in this
section have mathematical discontinuities in flight-path angle at the
Junctions of the various types of flight paths, so that some transition
maneuver is required. The details of the transitions, however, are not
expected to have a significant effect on the total heat input to the
vehicle.

T /NN T I T

The details of the flight path through V = 1.0 for the constant
a flight plan and the determination of a minimum permissible value of

V., both require a more detailed study than can be made with the present

assumptions.

Generalizing the Results with Respect to Vehicle
Gross Weight and Vehicle Density

The numerical results for the heat input have been calculated for
a specific vehicle with a gross weight of 10,000 pounds and a vehicle
density of 20 pounds per cubic foot. With the assumption of a laminar -
boundary layer for all vehicles, these results can be applied to vehicles
of different gross weight and average density by the following reasoning.
Consider the results of columns 17 and 18 with the substitutions given at
the bottom of the table. In the present application the product
(CD/CR)CR is approximately CD,o' For configurations like that of fig-

ure 3, the drag coefficient at o = O, CD,o’ depends only on the vehicle

proportions, that i1s, on the thickness ratio d/c and sweep angle A,
if the contribution of friction is neglected. The contribution of fric-
tion is small for the low L/D configuration considered in this report.
The Q/W for a configuration with (IL/D)max = 1 but with any given
weight and fuselage density may hence be estimated from the curves of
this report by the relation:

L )
W

) 59

CONCLUSIONS )

An approximate analysis of flight paths for the descent from cir-
cular and supercircular speeds has yielded closed-form solutions for the



E-1001

25

following flight-path characteristics: altitude, 1ift coefficient, G
load, path angle, free-stream and local Reynolds numbers, heating rate,
heat input per square foot, total heat input to the vehicle, range, and
time of flight. The heating analysis considers separately the heating
of the leading-edge region and the windward side of the vehicle. The
six deceleration flight paths considered are constant values of altitude,
angle of attack, G load, heating rate, and free-stream Reynolds number,
and a case of modulated roll. Limitations on altitude, G load, 1lift
coefficient, and Reynolds number have been considered. The following
conclusions may be drawn:

1. Of the flight paths considered, all except the constant-heating-
rate path stayed within the following physical limitations: Altitude
greater than O, net acceleration G equal to or less than 10 g's, and
1ift coefficient less than 0.9 for flight- to circular-velocity ratios
equal to or less than 2.0 and a vehicle maximum lift-drag ratio of 1.0.
Entry velocity ratios up to 2.8 are aerodynamically possible.

2. Changing the type of flight path or the G level of the flight
path has little effect on the value of the local Reynolds number, al-
though the value of the free-stream Reynolds number may vary a large
amount. For the present examples the value of the local Reynolds number
is about O.7XlO6, a value for which one can be hopeful of achieving a
laminar boundary layer.

3. The flight path with the minimum total heat input is the one with
the highest allowable G load.

4. With a laminar boundary layer and a maximum deceleration of 10
g's, entry velocities of twice circular and higher appear aerodynamically
and thermodynamically feasible for a vehicle with a maximum lift-drag
ratioc of 1.0. About 85 percent of the total heat input to the vehicle is
to the leading-edge region. The ablated weight is estimated to be about
S percent of the vehicle gross weight to decelerate from twice circular
to zero velocity along & constant 10 G path. A constant-angle-of-attack
path with an initial G load of 4.25 g's has a heat input 4.9 times
higher than that of the constant 10 G path.

5. For an initial velocity of twice circular, incorporating landing
point control into a constant 10 G path by controlling the flight path
in the vicinity of circular velocity increases the heat input about 32
percent.

6. For a delta wing vehicle for which the useful volume is the
volume in the wing, the heat input per square foot varies directly with
the one-half power of the average fuselage density and inversely with
the one-half power of the G load and resultant force coefficient. For
vehicles of this type, with the same sweep back, the total heat input
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varies inversely with the one-half power of the G load, the one-third

power of the gross weight, and the one-sixth power of the vehicle average
density and drag coefficient.

Lewis Research Center

National Aeronautics and Space Administration
Cleveland, Ohio, August 7, 1961

TOOT-&
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APPENDIX A

SYMBOLS

reference area for aerodynamic coefficilents, plan area of
vehicle (see fig. 3), sq ft

projected frontal area of vehicle (see fig. 3), sq ft
span of vehicle (see fig. 3), ft

effective heat-gbsorbing capacity of ablation heat protection
systemn, Btu/lb

aerodynamic drag coefficient, E_EL—_

L z
> pV=A

aerodynamic drag coefficient at zero 1lift
friction coefficient, dimensionless
component of aerodynamic 1ift coefficient in vertical direc-
tion, l—L_Z_
= pV-A
5 P
total aerodynamic 1lift coefficient
- 2
pressure coefficient, 2(pe - p)/pV
specific heat at constant pressure, Btu/(slug)(°R)

aerodynamic resultant-force coefficient

W
C
CRAg r '—L"

CR
Cpeh

2BW
root chord of vehicle, ft

leading-edge axial force coefficient,

leading-edge axial force % oVEA.,
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D

leading-edge drag coefficient,

leading-edge drag/% pVCAf

leading-edge 1lift coefficient,
1
leading-edge 1ift/§ szAf

leading~edge normal force coefficient,
leading-edge normal force/% szAf

general wing chord, ft

aerodynamic drag, 1b

thickness of vehicle (see fig. 3), ft

see column 19 of table I

linear distance along streamline from leading-edge stagna-
tion point to end of leading-edge region (beginning of
windward side) (see fig. 3), ft

net acceleration, g's

acceleration due to gravity, essentially the planet surface
value, ft/sec2

see column 19 of table I
altitude, ft
total enthalpy at edge of boundary layer, Btu/lb

wall enthalpy, Btu/1b

heat-transfer coefficient, Btu/(sq ft)(sec)(°R)
mechanical equivalent of heat, 778 ft-1b/Btu

see eq. (7a)

see columns 11, 17, 18, and 19 of table I

component of aerodynamic 1lift in vertical direction

total aerodynamic 1ift, 1b force
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lift-drag ratio
L./D
(Ls/D)__.
distance along leading edge of wing (see fig. 3), ft
Mach number, dimensionless
entry vehicle gross mass, slugs

exponent defining variation of altitude density with V for
general flight path of table I

static pressure, 1b force/sq £t
Prandtl number, dimensionless

total heat input, Q; + Q,, Btu

total heat input to leading edge, Btu
total heat input to windward side, Btu
heat input per square foot, Btu/sq ft

dimensionless function 5 of ref. 4, proportional to total
heat input per unit area for laminar flow

dimensionless function E of ref. 4, proportional to heating
rate for laminar flow

heating rate, Btu/(sq ft)(sec)

dZ at =0, maximum heating rate on swept leading edge (see

fig. 3 for A), Btu/(sq ft)(sec)
range, ft
leading-edge radius, ft
gas constant, 1716 ft-1b/(slug)(°R)
free-stream Reynolds number, dimensionless

Reynolds number at outer edge of boundary layer, dimension-
less
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St

<

radius of planet, ft

Stanton number, dimensionless

total temperature, °r

static temperature, °r

flight velocity, ft/sec

component of velocity normal to leading edge (see fig. 3)
component of velocity normal to any surface (see fig. 3)
ratio of flight to circular velocity, V/afég, dimensionless

dimensionless velocity at which change from constant G to
constant o type of flight path occurs

entry vehicle gross weight, Earth 1b

wing loading, Barth 1b/sq ft

ablated weight, Earth 1b

distance from leading edge in stream direction, It
coordinate systems on vehicle (see fig. 3)

angle of attack with respect to free stream
cross-flow angle of attack (see fig. 3)

exponent describing exponential variation of density with

altitude in equation -2 = ™PB, £t (p~1 = 2.35x10% £t

sSL
for Earth)
ratio of specific heats, dimensionless
angle of surface with respect to free-stream direction

emissivity, dimensionless

roll angle (see fig. 1) (zero for 1lift in vertical plane di-
rected upward)

conductivity, Btu/(ft)(sec)(°R)

—AAT_rT
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A geometric leading-edge sweep angle (see fig. 3)

Ao effective sweep angle (see fig. 3)

A leading-edge radius coordinate angle (see fig. 3)

U viscosity, slugs/(ft)(sec) or (1b force)(sec)/sq ft

% exponent defining variation of laminar heating rate with wing

sweepback angle

P atmospheric density, slugs/cu ft

Pe average entry vehicle density, Earth lb/cu ft

p% average entry vehicle density, slugs/cu ft

o Stefan-Boltzmann constant, 0.48x10-12 Btu/(sq ft)(sec)(%R%)

T time, sec

® flight-path angle with respect to local horizontal
(see fig. 1)

w leading-edge surface angle (see fig. 3)

Subscripts:l

aw adiabatic wall

e at edge of boundary layer

1 beginning of deceleration flight path

1 leading edge

max maximum

min minimum

n general subscript for summation in appendix B

SL sea level

8 stagnation point

lFlight quantities of M, p, R, Re, t, t/T, V, ¥, u, and p with
no subscript or superscript are free-stream values.
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w windward side of vehicle

W wall

v vertical component of flight veloclty

1,2 stations along deceleration flight path
1

Superscript:

* reference condition in "reference temperature" or "reference
enthalpy"” method of calculating heat transfer

lFlight quantities of M, p, ®, Re, t, t/T, V, ¥, u, and p with
no subscript or superscript are free-stream values.

TOOT=
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APPENDIX B

VEHICLE AERODYNAMICS
The vehicle aerodynamics are estimated by assuming hypersonic flow
and using the approximation to the leading edge of the vehicle shown in

figure 3.

The pressure coefficient on windward surfaces is in general

2 i) ;
Cp = (v + 1)sin® = (v + 1) T (B1)
and for a surface on the leading edge
v 2
CP = (v + l)<35> Icos(w - ac)|cos(w - @C) (B2)

In equation (B2) if Cp is positive, the surface 1s windward, if

negative, the surface is leeward. The pressure coefficient on leeward
surfaces is assumed to be zero (rather than the value given by eq. (B2)).
From figure 3

v
(35) = sinq + cos?q cosPA = 1 - cosfa sinfA (B3)
and
_ £ tan o (B4)
a, = arc tan =%
Equation (B2) hence becomes
_ 2 .2 _ tan a _ tan a
Cp =(y+1)(1- cos®a sin A) COSGD arc tan —= A) cos(m arc tan ESE—K>
(BS)

For a leading edge composed of multiple flat surfaces of equal width, the
axial force coefficient of the leading edge using the projected frontal
area of the vehicle as a reference area is
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n
z CP n COS @y
1
cp = = (B6)
E cos Wp
1

Similarly the normal force coefficient for the nose is

n

Z CP,n sin w,

S (B7)

N n
cos Az cos W,
1

The contribution of the leading edge to the drag and 1ift, from the re-
sults of equations (B6) and (B7), is

¢, cos a + c sin a (B8)

°p T °a N

e, = ¢y cos a - ¢y sina (B9)

The total 1ift and drag coefficients of the vehicle based on the refer-
ence area of the vehicle (see fig. 3) are then

2 Ag
CL,a = (y + 1)sin"a cos a *+ cf, T (B10)

A
. T
Cp = (v + 1)sinda + °p i (B11)

where the first terms on the right side of the equations are the contri-
bution of the reference area A to 1ift and drag coefficients, and the
second terms are the contribution of the leading edge.

If one considers a family of vehicles having the general plan form
shown in figure 3, that is, having the same sweepback angle but various
values of c¢/d, or what is equivalent, various values of (L/D)ma.x’ then

the following relation may be derived for low angles of attack:

Ap
o ~C,0= %,0 &

TANT =T
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where °D, o is a constant for a given sweepback angle. From equation
(E1)

and.

so that

]
Cp 3 = 2¢p,, = Constant (B12)
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APPENDIX C

WINDWARD-SIDE HEATING ANALYSIS

A simple analytic expression for the laminar heat transfer to the
windward side of the vehicle at high velocities is developed herein.

Off the stagnation point for moderate angles of attack the heat
transfer to the windward side 1s analyzed using an approximation to the
"reference temperature" (ref. 9). The relations required are:

4 = n(ty, - t=) (c1)
h
St = ——r (cz2)
p*VeCp
c
St = 7? (pr*)-2/3 (C3)
M*
e (C4)
— v ve
— * ~ *
tg, =t + +/Pr T ~/Pr T (c5)
p j
* %
pu*C?
Pr* = '—}—(-x_—p (CG)
t¥ = tg + 0.5(tg - to) + 0.22(tg, - te) (c7)

Assuming tz << t,, and combining equations (Cl) to (C5) yield

* *
. 0.166 ‘/p Ve 2 (c8)
1= 5%0.167 X

The three terms in the numerator of the square root term of equation
(C8) may be evaluated as follows, as an approximation of Southerland's
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viscosity equation for high temperatures (ref. 17, eq. (A3)):

3/2
*
u¥ = 2.27x1078 Eg_;_i§§.~ 2.27x1078 *1/2 (c9)
The reference density is given by
Y
e t
p* =1p ryi= (c10)

At moderate angles of attack, by Newtonian aerodynamics,

Ve =V cos o (c11)

The terms t* and pe/p in equations (C9) and (C10) must now be

evaluated. In equation (C7) for low and moderate angles of attack, t.

and (tz - t.) are small compared with (t and t,, so that equa-

aw " te)
tion (C7), combined with equation (C5), becomes

=% 2
0.114/Pr* V

* —

t 0.22 tg, = CpJ (C7a)

From hypersonic aerodynamics

DPe 1 .. 2 o
CP,e = (_15— - ]) Z—l;l-z- = (v + 1)sin"a (C13)
2

where at supercircular speed (M > 25) and for moderate angles of attack
pe/p >> 1.0. At the low angles of attack where the assumption produces

maximum error, the heat input to the windward side of the vehicle is gen-
erally small compared with the heat input to the leading edge (see fig.
14). The error in estimating the total heat input to the vehicle can
thus still be small at small angles of attack. Then, since

NI
= 7T
equation (C13) becomes
Pe y +1 V2 2 y +1 72 >
o1+  gindg ~ LI =L oy
> 1 = gp sin“a = pr sin% (Cc14)
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Making the appropriate substitution in equation (C8) gives

0.166 2.27x1078 fy + 1 oV@ cos o sina =

. 2
§ = Ve gr (C15)
70-75p,.x0.292 ‘ijj- 2 X

The following values are assumed to be constants:

Pr* = 0.71
v =1.2
® = 1716 ft-1b/(slug)(CR)

TR

b = Ty - 15-2 Btu/(slug) (°R)

C

J = 778 ft-1b/Btu

From the hypersonic aerodynamics of the configuration, equation
(B11), and equation (6)

L _La_y+2 . 2
—A—EOTQ— A 2k2 pV sln a cos o (016)
c
where
Ach "1/2
k,= [1+ > (c17)
Aly + 1)sin® cos a

so that equation (Cl5) becomes, with the assigned constants,

- -8 H 2

The absolute value signs are used to indicate that the heating is real
and positive irrespective of the sign of L and cos 8. By use of the
value of % %% given in column 6 of table I, one may solve for L in
equation (4b) and substitute in equation (Cl8) to arrive at the results
given in column 10 of table I. For example, for the constant Re case

TNNT=T
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with 6 =0

. -8, 3/2, o = — W — .
6, = 1.50x10"8% g%/ r‘)A—X\E- Ve - kg, 72=10.2 kc‘/Ax\ll ST kg, T
(c19)

The term kg is the ratio of the 1ift produced by the vehicle wind-

ward side to the sum of the windward-side and leading-edge 1lift. Approx-
imately, for angles of attack from 0° to 15°

-1/2
S P e L /
c - A A(sin a) (v + 1)sin «

where ch/d(sin a) is approximately constant and depends on the sweep

angle. TFor the present configuration with A = 60° and
dep/d(sin o) = 0.88, Ag/A = 0.569, o = 5.30, and k, = 0.535.

The term k., in general, varies over the flight path. For super-

circular entry velocities a conservative estimate of the heat input is
obtained by evaluating k., at the maximum velocity. This is done in

the present calculations. The value of ke approaches unity and con-
stancy for small values of Af/A or high values of (L/D)max‘
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APPENDIX D

METHOD USED FOR CALCULATING RATIC OF LOCAL
TO FREE-STREAM REYNOLDS NUMBER

The procedure for calculating the local Reynolds number at super-
sonic speeds for cones and wedges with unswept edges is presented in
reference 18. A relation for calculating the local Reynolds number at
hypersonic speeds for the case of a flat plate at angle of attack with a
swept blunt leading edge is developed herein. The nomenclature is illus-
trated in figures 3 and 18.

At a station sufficiently far downstream from the leading edge,
where the surface static pressure for a blunt body is approximately that

for a nonblunt body, the ratio of local to free-stream Reynolds number
per foot or for the same length may be written

L= &K (D1)

= cos a (D2)

The viscosity approximation is the same as that used in equation
(c9),

b, = 2.27%107° t:é/z (D3)

where for this case

P
o = ts<i> (va)

where

(D5)

TNANT =T
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Hence equation (D3) becomes

T-1

V cos Ao a
e = 2.27X1070 -———___—__—°<—e> (D6)
-\/chp Ps

The term pe/p in equation (D1) mey be written

©
©

Pe _ Ps Pe (D7)
o o pg
and equation (D1) then becomes
3-v
—_— =7
ReZ M cos QH/ZJCP E? /pe 2
= ——— ~— (D8)
Re 2 .27x10-8 ¥V-/&r cos AC\PS>

The ratio pe/ps may be written by use of the perfect gas law as

NCRCRCN

Hypersonic aerodynamics gives (see also eq. (Cl4))

2

Pe v + 1V .2
—1-)- = 1 -+ 5 o sin“q (D10)
and
Pg v + 1 V& > v+ 1 V2 o
5.1+ i ~ o A
1 = mr 08 Ao = @ Cos“hc (D11)

where the approximation is valid for sweep angles less than about 87°.
From figure 3 (see also eq. (B3))

cosz.Ac = (1 - sin2A cosa) (p12)

The density ratio across the shock at the cross-flow stagnation point is

ps + 1

o Ty -1

;

(D13)
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With the appropriate substitution, equation (D8) gives finally

3T
2y
2Rt
=—r *+1 —® __ + sing
Rel ) L CcOS aq/ZJCp(Y - l) (v +-l)V2gr ]
Re 2.27x1078 T+/gr(1 - sin®A cosza)l/z 1 - sinA cos?a
(D14)

The following values were assumed in the present calculations:

Y =1.2
R = 1716 ft-1b/(slug)(°R)

Cp = 3 YY? 1T = 13.2 Btu/(slug) (°R)

t = 500° R
= 0.37x107° (1b force)(sec)/sq ft
J = 778 ft-1b/Btu

The term V 1is the independent variable, and « 1s determined by the
1ift coefficient (column 7 of table I) and the vehicle aerodynamics.

This calculation takes no detailed account of the boundary-layer
history on the leading edge of the vehicle.

Typical curves of the ratio of local to free-stream Reynolds number
are shown in figure 18 as a function of angle of attack for several
values of V. Both V and angle of attack have a strong effect on the
Reynolds number ratio.

NANT =T
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APPENDIX E

INTEGRATION OF HEAT INPUT OVER VEHICLE

The vehicle geometry over which the integration of the local heat
per square foot q 1is carried out is shown in figure 3 together with
the symbols and coordinate systems used. The constant Re case is used
as an example.

Vehicle Geometry

The following approximate relations can be derived from the vehicle
geometry:

5 3
A= i-bc _c W 00m
2 P = Tan A" WA " w/A
Wy 1/2 m\1/2
A vy B[ 2"k
£ = — = =
Pp tan A p tan A
W
A= Ped
Ao _za_ _ay/m)®?
A e 5 (W tan A)L/2 \ (E1)
a
b = 21 cos A
1/2
_ tan A\/
= U wa
W m
— = 2p or == 2p!
RyA f RyA £
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Integration Over Leading-Edge Region

The integration over the vehicle is divided into two parts, that
over leading-edge regions, and that over the windward side of the ve-
hicle. To illustrate the integration over the leading-edge regions, q;

may be taken from column 15 of table I (hence the subscript 15 on k) or
the integration of equation (57) and written as

2
q; = le[l - sin2A cosza]v/ cos A (E2)

where for constant Re

ks = 12.1x10%g - | £:5
Ry# Cp G
— C —_
R —
Vlchi

Cr

The general form of the integration desired is (see fig. 3)

1 /2
Q= 2 / / a,Ry dh dl (E3)
0 (ﬁ/Z-ac)

Carrying out the interior integration and using equations (E1) and (E2)
yield

v/2
Q; = kigd EL - sinA cosza] / (1 + cos ac)dl (E4)

where from figure 3

tan a

a. = arc tan
¢ cos A

Equation (E4) may be written

1
Q = 2k15d/ k; cosVA dl (E6)
0

TN T e T
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where

v/2
{? - sinZA cosza} / {i + cos arc tan(zé&iz)}

kz - cos A (E7)

2 cosVA

For « =0, k; = 1.0; for =12 v = 1.5, and A= 60°, k; = 1.05;

thus, for the integrations over the flight paths for which the angle of
attack is small, k; 1is assumed to be unity. For the constant o case,

which is used at higher o, k; 1is a constant and may be evaluated. With
k; a constant and by use of equation (E1l), equation (E6) can be written

b/2
Q; = Xyek;d cos(v-1)A / db (E8)
0

so that finally integration gilves

1 - 1 -
Q=3 k1 sk;bd cos(V p = 5 kygk;Ap cos(V L (E9)

Writing this result in terms of the gross weight and wing loading, by
using equation (El), yields

Q _ kqysky cos(v=1)a ( W/A )1/2
- \U

W Pp tan A (E10)

or

(v-1)
Q  Xygky cos Aoa )1/2
p% tan A

and substituting for Xk;ec (eq. (E2)) and for 'W/RNA from equation (E1)

results in

2.5 _ 2.5
1/2 L 2
Q — .
5 z CrNE "/2<p ww{;\n A) C =2 (E11)
1z2.1X10 Wkl cos A f D G

— —_—
S A
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or

Q‘Z _ = m/A 1/2
( -1)7\ - -\/2<p]‘c:m tan A)

.5
- C
21.9x10 9mgr3/2kz cos" "’ D o G_
CR CRV

Comparing equations (E2) and (Ell) yields

Q, 4, ~/2k; cos(v—l)A
W /2 172 (E12)
‘/R T (1~ sinA cos a)v cos A [PFW tan A
N WA

Equation (E12) results from an integration over the vehicle and hence
is true for all flight paths. It is listed in column 17 of table I and
a similar relation is given in table II.

Integration Over Windward Side of Airplane

For this case gq, may be taken from column 16 of table I (hence

the subscript 16 on k) or the integration of equation (38) and may be
written as

kig

7

where, for example, for the constant Re case for v > 1,

q, = (E13)

- 3 oY
kyg= 8.2X10 kcJ‘Z o {G}

The integration desired is then (see fig. 3)

d§ dn
= 2k El4
16~//’ .}/ﬂf g - n tan t - n tan A ( )
f+n tan A

——\ N = e
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The integration results in

_ 8, |+ c)3/2 32 zel/2 4 (E15)
Uy = 3 16 tan A ~ tan A T 4
Equation (E15) may be written
3/2
_ 8 c
Q, = = K16ky Too (E16)

where, using equation (E1),

w69 073"

C C

In terms of gross weight and wing loading and by use of relations from
equation (E1),

% 8 1
W =3 M6 7 (E18)
CE) (W tan A)l/4
A
Substituting for kg (eq. (E13)) gives
v
=2 z/2| L1
(Ve -1 + kRe)
3
_Qw—.= §. k. .k 1 Vz (E:LQ)
g8.2x10%w 3 "W CC 1/4
D G W
o CR —= (K W tan A)
R R|CRV
Comparing equations (E13) and (E19) gives
W 1/4

Ax (KwtanA)

Equation (E20) holds for all flight paths and is given in column 18 of
table I. A similar result is given in table IT.
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From section AA of figure 3 the ratio f/c may be written approxi-
mately for small angles of attack as

R_N[l F__ _% O“C] (E21)

cos A 1

R
f =x°N 1 4 tan a
c 4 ¢ E'+-cos A Ty 8re ten oo A] (E22)

For the configuration used as an example in this report to generate
numerical values, Ry = 2.06, ¢ = 14.5, and A = 60°. For o = 0° and

5.30, f/c is 0.34 and 0.31, respectively. The corresponding values of
k, (eq. (E17)) are 0.48 and 0.49, respectively. Note that ky does not
vary significantly for small changes in a«, and hence it is assumed to
be constant. A value of 0.49 was used for the calculations presented.

The most desirable form of some of the terms in equations (E11) and
(E19) depends on what information is known. The following useful alter-
nate forms may be derived if the parameter W/A is eliminated by use of
one of the equations (E1):

an A 1/2 1/3
T
W 14 tanl/3n 173 1/6 )
(K W tan A) = ZZ75317E W Pf (E24)

The term c/d depends on the vehicle sweep angle and maximum 1lift-drag
ratio. For the present examples with A = 60°, c/d = 3.51 and 21.7 for
maximum lift-drag ratios of 1 and 2, respectively. Still another inter-
esting form of the results of columns 17 and 18 may be written using the
results of equations (E23), (E24), and (B13). For vehicle operation at

low angles of attack where CR ~ CD ~ CD o? which 1s approximately the
2

same assumption made to arrive at the results of columns 17 and 18,

W tan A\L/2
Pr" 2 > = C%/6Wl/5p%/6(2cD tan A)l/5 (E25)

VC?(’WA—
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1/4 1
Wy e AY Y = c1/6l/3,1/6 tant/3A (826)
A D T (2 1/6
cp)
where °p is constant for a given sweepback angle.

An example of the significance of this result is the following. For
a family of vehicles having the same sweepback angle, gross weight, and
fuselage density, the total heat input to the vehicle leading edge varies
as

1
%~ H7s (E27)
D

(by the results of column 17 and eq. (E25) for k, = Constant). On the

other hand (by column 15) the heat input per square foot to the leading
edge varies as

1
ay ~'Ei7§ (E28)
D

Thus the change in the total heat input to the vehicle is much less
sensitive to changes in Cp (or (L/D>max) than is the heat input per

square foot.
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APPENDIX F

CASE OF CONSTANT ANGLE OF ATTACK

The determination of the term % %% is more difficult for the case

of constant angle of attack than for the other flight paths. However,
the solution of this case permits a check on the accuracy of the results
of the present analysis by comparison with the numerical integrations of
references 4 and 13. The equations to be manipulated are repeated here

C
1 4av D
gdt G Cp (3)
L vV d
CR g drt
52
CrpV Agr
= T (5)
B CDgVA dp (19)
T TER o7
Using the mathematical identity
Vdp _V de av
L = - == 1
gdt g gy dr (F1)

and equation (3) permits equation (4a) to be written

T2
6= —A (F2)

C

L V_do
— |1 + *
Cr ( L/D dV)

Solving equation (5) for p, by use of (F2) for G, yields

= -1
o))

[ —
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where
c = W __ (F4)
P CL
Crhgr o
R
Differentiating equation (19) gives
d dp . = d°
av  P\av a7
where
Cpeh
)
Cp = oo (F6)

The term dp/dV can be eliminated between equations (F3) and (F5) to
yield a single differential equation for which a solution must be found.
Herein, however, a solution to equations (F3) and (F5) was found by
successive approximations. For a first approximation the flight-path

angle is assumed to be a constant (9@ = O). Then from equation (F3)

av
2C
do . _ 2P (F7)
av V2
and
2 6C
'd—_'p‘ ==L (F8)
ave v4
and equation (F5) becomes
4C. C
o _"9p __ ¢ (F9)

The value for d¢/d7 given by equation (F9) may now be introduced into
equation (F3) to obtain a second approximation. Thus,

-1
ol o)
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where
4
k & ——— (F11)
pr(L/D)?
Repeating the steps of equations (F7) to (F9) results in
a -2 -1
o 2k /1 k 2( k
L_-c &= _ 1V 1oy = o —{1 + — (F12)
av P ’\73(\72 >< \72> 7o ve
2 2 -3 -2 -1
Lo g gk_:l_z-l(u__l; J (L <l+_£2) +_é4.l+__1fa.>
av PITe W v T v v v
(F13)
a9 _ 4 l+(l-’\72)k 2k _ (FL4)
== =L k =2 =
v prVe 21 + = Ve +x W¢+k
D e

Higher order approximations may be obtained. If this degree of approxi-
mation is accepted, equation (F2) for G becomes

_ T2
G=l——CV— (F15)

i

Fe

R

where
F=1+——k—[l+(l’v2)k( £k -1) (F1s)
72 + x 72 +kx WP +k

With G known, p can be determined from equation (5), and this is the
result given in table TI.

From equations (19) and (F12)

2H

¢=-——"7 (F17)
BrV2 %
where
=2
q = _—é;j;' 1 - Eé%_:_y_l (FlB)
1+ = Vet k
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From equation (Fl), by use of equations (3) and (F14),

Vap F-1 _ w2
3= " F (1L - v°) (F19)

which is the result given in column 6 of table I.
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APPENDTX G

COMPARISON WITH OTHER ANALYSES
The results of reference 4 are essentially for a three-dimensional
stagnation point, or j = 1 in equation (7a). The result of column 10

of table I for constant angle of attack for a three-dimensional stagna-
tion point can be written in the modified form

. —-!CD;INA\[I-VZﬂ
a4 = +/2 14.94/¢g 57 7 \ (G1)

From equation (36) of reference 4 for Earth, and in the nomenclature of

this report,
T
q_
590 m
CDRNA

Substituting equation (Gl) in (G2) gives

_ N
i = 0.202 —l———Yfi’— (G3)
«F B

The equation from column 15 of table I for a three-dimensional nose is,
in modified form,

. —‘/ B
q = +/Z 12.05x10%+/g J}: %VICD?‘INA arc sin V : VyL -V (G4)
v,

(G2)

From equation (39a) of reference 4, and in the nomenclature of this
report,

q= = (Gs)

15,900
’ CpRyA

TOOT-H
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Evaluating (G4) for Vi = 0.99 and Vé = 0, the values used in reference
4, and substituting in equation (G5) yield

q = 5.91VF% (Gs)

As a point of interest, the total heat input per square foot q or gq
is quite sensitive to the initial velocity for this case. For example,
evaluating equation (G4) from Vi, = 1.0 to V, =0 gives for equation

(G6)
q= 4.76 {F IDi (G7)
which is an increase of 22 percent over the case for Vi = 0.99. 1In the

present calculation the term F is evaluated at the highest value of
V. 1If the flight path _is divided into several parts, F is evaluated at
the highest value of V in each part.

Reference 4 also presents the horizontal component of the G load,
Gyg. For small flight-path angles, an assumption already made in the

present analysis,
G.HzG—- (G’B)

With the result given for G in column 4 of table I for the constant «
case,

1 -7
Gy = —— (¢9)

5]
(ol

Part of the difference in heating rate between the present analysis
and reference 4 is due to the use of a slightly different value of the
constant in equation (7a).
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TABLE I. -

FLIGHT-

(&, Crs Cp/CRs CL,a

1 1 2 | s T | 5 3 [ 7 [ s
Point functions
Any planet
Plignht path Constant of | Altitude density, G load, Flight-patn angle, g"gi' Lirt coef- Free-
flight path 5, g's , Ticient, strean
slugs/cu ft radiana R:mglga
uRe/L
Modulated angle of attack; 6 = O
Constant altitude A N a a 2c v
p = Constant or - Eéﬁr w1 ¥ ° ° oV/E
®=0 %va} RGNS 2
.Conltmt a
w11 - 1-T 2 1 B N
, o) e -2 = PV
ten), (ep), tom)| By y(}?ql") ey Lo
I
Conatant @ : ; b L.k
L P 2 Cp (a) Lk oL ®
- I\ & [conatant \'EFFR%‘ # o | e
|
|
i
|
Constant q; :
«
o R Y & 2o - )"
ov¢| _ pagr¥® (2w 3 R | Cr AP U v T/ET
%R | T & v Br “P }
i %R
Conatant free-stresn v
Reynolds number L} e |1 {Lv} 1 aly S felas - 1o ke | conssant
= aw AR 37 < R 3 I e =
crY) R cr BN
General case
-n|
o] _prgrven VVEE
cx -
CRV™
L
Modulated roil
Modulated roll
ky
co.e-l_ve_aml (oy,a) e S _ b (Cy, a)cos 8 oV-/EF
w -, ey RREr 72 L -8
1) %) Un
Auxilisry relations or definitions
/362 3anl/3
x (/%%

3yhere two equatlons are entered at one location the applicable equation 18 the one that ylelds real numbers.
brhis 18 an exception to the general column heading.
STwo-dimensional leading edge.
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PATH CHARACTERISTICS

are always positive.]

Ky, ko are
conatant

1 1 1
% oyt
TR OB B
0l

9 10 T 11 12 13 1 14
Point functions Integrated functions
Any planet Earth only Any planet
Boundary- Heating rate to leading- Heating rate to windward Add1 tional Time of flight, Range,
layer edge edge® region for s1de for assumptions B R,
Rey:oldl a = 0° to 30°, a -/o° to 30°, made for sec re
TUIReTs 14,714,903 - 81n2a cos?a]¥/2 cos % aw/10.2 K, integrated
Rey ¢ Btu/(eq ﬁ:)(sec; ’ Btu/(sq £t)(sec) functions
Modulated angle of attack; 6 = O
Re
o ¥ ¥ "%i Vz 1 1 {11 1 a MY
Re(‘:) k¥ e © = VI -FE Crr S/ Mo D € (VE ° ) Ty {CR ” 2
R ke ko are | T R [GA( 2 Ty Or
constant
Rey [T |[ 1-V2
Re(“.e__) e L3 '/E“ J—-Y—-L ® F = Constant
i) kg 1 M - %) 11 B-"
Re(;?) JW“ VT ¥ V= 1o w® Cps Cp/Ce Ky Eﬁé—'ﬂﬂ— W
ky» ko are Th TR
conatant
G
Re ] k 1 1 0N
R,(Re_t) Approx. constant iyt - - g 7 R Op/On kur| —d—yE L (¥ - ) 5 g
Ky, Ko are 5 c 9T & s
constant R R R
Rey 2 1 JF_1 1 r 1
Re(x—e—) ‘% an v/ VEYT - e ® Crr Cp/Cs Ky Ep——& A = (v, - ¥p)
R ky, ke are o Cr 2 = CR Jog
constant R °r R
e, & 1-n _ yi-n
n,(;e_) ‘/FFKWVIE_;[ ve+(n/2) VLA P R CR» C/CRs ki W3 - v

Modulated roll

‘[;Fnu ~/TaT ¥

CL,al
oy o v

None

‘E M1 - V)
g~ (0

At

Auxiliary relatlons or definitions

W
Tk " %Pe

“ Hl/sp?/:s tanl/3s
AT (/R

Agcr,
ko= [1 +

A+ 1)sin2u cos a

]-1/2
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TABLE I. - Concluded.

(¢, Crs CD/CRs CrL,a

Functions integrated over the flight path

S

arth only

Flight path Heat input per square foot to leading-edge® Heat input per square foot to win%ward side for
region for a = 0° to 30°, a = 00 to 30°, q,/8.2x10° k,,
q1/12,1x103[1 - 81n2 A cos2a]¥/2 cos 1, Btu/sq ft
Btu/sq ft

Modulated angle of attack; 6 = 0O

7 V.
I [% V- 724—% arc sin V]vl

2

Constant altitude
p = Contant or
?=0

~—
1<l
3
.
-
.
ol
-
3
s
¥
H
!
-
St}
=

S

TNANAT =T

dConstant o

. v. kt
W v IR C N o 1 n| (¢ 1, (o
‘,——CDRNA\/E(L/D)}[E V- 1+] 1n(V+ k7 1)]v Niid |{ﬁ} IWF 1+ tmfve V8 1 .
2 2
Censtant & 7.
x | _ V.
& ol e il
mh Cp 1 TG 3 g Cn @ 1 VT )
CR R Cr 2
| Constant 4
; t W1 1 V-
QHNA o5 S
‘ ¢, °r {vqu
! R R
; Constant free-stream 3/2 Vl
i Reynolds number =2.5 =2.5 2 ]
; W1 1 %t - v 1 -7 - ¥ne)
[ Ryh Cp 3 2.5 Bcp . (a 3
Ty R c.7 Cr RcR¥ v,
i /2 \71
T 3 (V% - 1 + kge)
AX Cy { G % 3
; T, “r 7 -
| R Cr¥ Va2
General case
w3-(n/2) _w3-(n/2
\ g [we gve) y
! RyA Cp n !
. <5 Or 3-32
R gV

Modulated roll

L
| Modulated roll Vs =3
! W 1 1 1-Y2
1-7@ - 2 BNA G 1/n B
@ N% Cp o2 /167
Ty R

cos 8 = B
=2 X
. v
i I

x

Auxiliary relations or definiticns

w  W/3pE/3 ranl/3,
W _ f
RA T e AT T mTs

|

CPwo-dimensional leading edge.
dynere two equations are entered at one location, the applicable equation 1s the one that ylelds real numbers.
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~

FLIGHT-PATH CHARACTERISTICS

are always positive.]

17 [ 18 I 19
Functions integrated over flight path and over vehicle
Earth only
Heat input to leading-edge® region for Heat input to windward side for Definitions
a = 0° to 30%, Q;/W, a= 0° to 30° /W,
Btu/1b of veh%c%e gross weight Btu/1b of vehicle gross weight
e (£)
Mcdulated angle of attack; & = O
v-1
a, -/?'kl cosV-lp W s K,
172 3 7%
"REI (1-sin2a cosAQu)V/2 cos h (PgW tan 4 % Yo tan A
N W/A A
v-1l
a,; -—/é'kl cos¥V=ia a s ky Ry 1
1/2 3 3 Br 2
Riﬁ (1- sin2a cv:)szu)'//2 cos A (PeW tan A ‘P‘E Wy tan A {L/D}
V N WA A =2
k 1-V)kf 2k
F =14 1+ -1
T2+ k T+ x (V2+k )
_ 72
H = 1 1 - 1 Velk
1+ X Vg + k
7

172

"REK (1- sin®a coazcz)v/2 cos A (PgW tan &
N’ W/A

a4y </§k1 cosV-1p a8 K,
"REK (1- sin2a coazu)"/2 cos h (PeW tan A 72 'gx“ 3 W o tan A) *
N W/ A A
.35 [P () 2
T Br |Cx { \Cr) "R
- v-l 2
9 /Pk, cos¥ la Q8 Yoy . 1§ } <CD> R
Yo (1- 1P con?a)”Z conn (o tan MF7E | 510y can A)m Re T B® {CRV Cr/ 7
Ry ("—TI7A_ A
Modulated roll
v-1
q, —/Ekl cos A a, k,

Auxiliary relations or definitions

2
tan o
?1 + cos[arctan (cos A)] $

v/
{1 - 81in2p cosea}

ky =
2 cos¥a

(’i%"x—“)l/z ) (% can A) 1/3w1/3pl{/s

(see also eq. (E25))

oy = (1 . %)3/2 } e)s/e . %(%)1/2

R
f_n. N 1 _4 -1 tan a
c=% [1 tSos AT N Zos A]

t:nl/f’A w1/5p§/s
@)
(see also eq. (E26))

%w tanA1/4=

<"cll i1s glven by column 15.

qu is given by column 186.
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Iift coefficient, CL,a

Maximum
lift-drag
ratio,

(L/D)ax
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; 77
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Angle of attack, «, deg

60

(a) Lift coefficient.

80

Figure 2. - Aerodynamic characteristics.
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Drag coefficient, Cp

2.8
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Figure 2.

Angle of attack, a, deg

(b) Drag coefficient.

- Continued.

Aerodynamic characteristics.
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Resultant-force coefficient, Cg

Maximum

lift~drag
ratio,

(L/D)max

iz

AV

20 40 €0 80 100
Angle of attack, a, deg

(c¢) Resultant-force coefficient.

Figure 2. - Contlnued. Aerodynamic characteristics.
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Ratio of 1lift to resultant force, Cp 5/Cg
)

67

1.0

[ ]

Maximum

/ N (L/D)pax

//”“ lift-drag
ratio,

7N

N\

AN

——]

N\

N

20 40 60 80
Angle of attack, a, deg

(d) Ratio of 1lift to resultant force.

Figure 2. - Continued. Aerodynamic characteristics.
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Ratio of drag to resultant force, Cp/Cp

1.0

SN ek | S

1ift-drag / /
\ <L/B)m;x 7/

1T/
\/

0 20 40 80 80 100
Angle of attack, a, deg

(e) Ratio of drag to resultant force.

Figure 2. - Continued. Aerodynamic characteristics.
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Lift-drag ratio, Ia/D

69

Maximum
lift-drag

1.6 \ ratio,

(L/D) ey

| N
N

0 20 40 60 80 100
Angle of attack, a, deg

(£f) Lift-drag ratio.

Figure 2. - Concluded. Aerodynamic characteristics.
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V cos a cos A

-

Plane of wing

Plane of V, V,

Stagnation
point v

V sin «
X
A-A
:r/2
Stagnation N
point v / !
A Vc Wing
*
//’
V cos a cos A Ve
V sin o
B-B
i
1 A~
—x b/2
3

L A

Figure 3. - Vehicle geometry, coordinate systems, and flow angles.
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T1

Reference area for aerodynamic
coefficients and wing loading;
also used for volume estimation

Approximation to leading edge
used in aerodynamic calculations

V cos o cos A

Figure 3. - Concluded.

Vehicle geometry, coordinate systems, and flow angles.
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Horizontal component of

Nondimensional heating rate at

Nondimensional total heat

spherical stagnation point,

input at spherical

stagnation point,

G load, GH, g's
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Vehicle operating lift-drag ratio, L/D

Figure 4. - Comparison of results of present analysis for
stagnation-point heating with results of reference 4. Veloc-
ity ratio, 0.99 to 0; constant-angle-~of-attack flight path.
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Heating-rate parameter,

Total-heat-input parameter,

Heating-rate
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Figure 5. - Comparison of present analysis for windward-side heating

with results of reference 13.

Initial velocity ratio,

1.0; wall

static temperature, 0° Ry constant-angle-of-attack flight path.
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Flight-path angle,

Altitude, h, ft

Lift coefficient,

Net acceleration,

deg

P,

G

G, g's

. 3x10°

s JARN
/”////// ‘\\\N§-~
.1 ’////
o
o
-.2 i

G limit j

]

L~

10

////

o} .5 1.0 1.5 2.0 _2.5 3.0
Ratlo of flight to circular veloclity, V
L L I | t J
o0 1.04 6] -.51 -.81

Time, T, min

Figure 6. - Constant-angle-of-attack flight path for Earth atmos-
phere. Angle of attack, 5.3%; initial net acceleration, 10 g's;
initial veloclty ratio, 2.0; maximum lift-drag ratio, 1.0; entry
vehicle gross welght, 10,000 pounds; average entry vehicle den-
sity, 20 gounds per cublc foot; geometric leading-edge sweep
angle, 60

T AT =T



Angle of
attack, a,
deg

E-1001

Free-stream Reynolds
number, Re

Local Reynolds number,
Rez

=0’

Maximum leading-edge
a7, n
Btu/(sq ft)(sec)

heating rate,

75

20x10%

10

4x106

/
0
3000, I T
Limit on wall s e
100
temperature,
]
5001 ty, 4460° R [
200 A S
100 //
50 —~
20
10
0 .5 1.0 1.5 2.0 2.5 3.0

Ratio of flight to circular velocity, V

Figure 6. - Concluded. Constant-angle-of-attack flight path for Earth
atmosphere. Angle of attack, 5.3° initial net acceleration, 10 g's;
initial velocity ratio, 2.0; maximum lift-drag ratio, 1.0; entry vehicle
gross weight, 10,000 pounds; average entry vehicle density, 20 pounds per
cubic foot; geometric leading-edge sweep angle, 60°,
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deg

Flight-path angle,
Qs

ft

Altitude, h,

Lift coefficlent,
L

Net acceleration,
G, g's

.8
-.8
.2x10°
L1
¢}
4
.2 \\\
N\
o]
—~—l |
-.2 RN B — L, -
30 T
20 //////’
e
G 1mic 7
10 IRWNEY
//
0 .5 1.0 1.5 2.0 2.5 3.0
Ratioc of flight to circular velocity, V
L L 1 L | L I
8.10 2.70 .20 o] -.54 -.90
Time, T, min
Figure 7. - Constant-altitude flight path for Earth atmosphere.
Altitude, 162,000 feet; initial net acceleration, 10 g's;

initlal veloelty ratio, 2.0; maxirun 1lift-drag ratio, 1.0;

entry vehicle gross welght, 10,000 pcunds; average entry vehicle
density, 20 pounds per cublec foot; geometric leading-edge sweep
angle, 60°.
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Angle of attack,
a, deg
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Free-stream Reynolds
number, Re

Local Reynolds
number, ReZ

Maximum leading-edge
Btu/(sq ft)(sec)

heating rate, ql A=0?
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8
—’————-—-—
\ il
0
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0 .S 1.0 1.5 2.0 2.5 3.0

Ratlio of flight to circular velocity, V

Figure 7. - Concluded. Constant-altlitude flight path for Earth
atmosphere. Altitude, 162,000 feet; initial net acceleration,
10 g's; initlal velocity ratio, 2.0; maximum lift~drag ratio,
1.0; entry vehlcle gross welght, 10,000 pounds; average entry
vehicle density, 20 pounds per cublc foot; geometric leading-
edge sweep angle, 60°.
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Flight-path angle,

Altitude, h, ft

Lift coefficient,

Net acceleration,

deg

D,

Cy,

G, g's
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S
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.1 //
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2 Y
0
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L [ Ratio oflflight to circular velocity, V
| | | J
3.74 1.87 .78 0 -.560 ~1.09

Time, 7, min

Figure 8. - Constant free-stream Reynolds number flight path for Earth atmos-
phere. TFree-stream Reynolds number, 7.3x105; initial net acceleration,
10 g's; initial velocity ratio, 2.0; maximum lift-drag ratio, 1.0; entry
vehicle gross welght, 10,000 pounds; average entry vehicle density, 20
pounds per cubic foot; geometric leading-edge sweep angle, 60°.
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Ratio of flight to circular velocity, V

Figure 8. - Concluded. Constant free-stream Reynolds number flight path for
Earth atmosphere. Free-stream Reynolds number, 7.5X106; initial net accel-
eration, 10 g's; initial velocity ratio, 2.0; maximum lift-drag ratio, 1.0;
entry vehicle gross weight, 10,000 pounds; average entry vehicle density,
20 pounds per cubic foot; geometric leading-edge sweep angle, 60°.
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Flight-path angle,

ft

Lift Altitude, h,

coefficient,
L

Net acceleration,

deg

D,

G, g's

.2x106

20
10

0 .5 1.0 1.5 2.0 _a.ns 3.0

Ratio of flight to circular velocity, V
{ l ) | il l 1
2.70 2.02 1.35 .87 0 -.67 -1.35
Time, 7, min

Figure 9. - Constant-net-acceleration flight path for Earth atmosphere. Net

acceleration, 10 g's; initial velocity ratio, 2.0; maximum lift-drag ratio,
1.0; entry vehicle gross weight, 10,000 pounds; average entry vehicle den-
sity. 20 pounds per cubic foot; geometric leading-edge sweep angle, 60°.
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Figure 9. - Concluded. Constant-net-acceleration flight path for

Earth atmosphere. Net acceleration, 10 gt's; inltlal velocity
ratio, 2.0; maximum lift-drag ratio, 1.0; entry vehlcle gross
welght, 10,000 pounds; average entry vehlcle density, 20 pounds
per cublc foot; geometric leading-edge sweep angle, 60°.
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Figure 10. - Constant-heating-rate flight path for Earth atmosphere. Maxi-

mum leading-edge heating rate, 900 Btu per square foot per second; ini-
tial net acceleration, 10 g's; initial veloclty ratio, 2.0; maximum 1ift-

drag ratlo, 1.0; entry vehicle gross welght, 10,000 pounds; average

entry vehlcle density, 20 pounds per cublc foot; geometric leading-edge

sweep angle,

60°.
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Figure 10. - Concluded. Constant-~heating-rate flight path for
Earth atmosphere. Maximum leading-edge heating rate, 900 Btu
per square foot per second; initial net acceleration, 10 g's;
initial veloclty ratio, 2.0; maximum l1lift-drag ratio, 1.0;
entry vehlcle gross weight, 10,000 pounds; average entry
vehlcle density, 20 pounds per cublc foot; geometric leading-
edge sweep angle, 60°.
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Figure 11. - Modulated roll flight path for Earth atmosphere. Initial roll
angle, 0; initial net acceleration, 10 g's; initial velocity ratio, 2.0;
maximum lift-drag ratio, 1.0; entry vehicle gross weight, 10,000 pounds;
average entry vehicle density, 20 pounds per cubic foot; geometric leading-
edge sweep angle, 60°.
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Ratio of heat input to gross weight, Q/W or @Q,/w, Btu/lb
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Figure 13. - Total heat input at Earth for flight path with initial
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vehicle gross weight, 10,000 pounds; average entry vehicle den-
sity, 20 pounds per cubic foot; geometric leading-edge sweep
angle, 60°.
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Figure 16. - Total heat input at Earth for modified constant-angle-

of-attack flight path (fig. 15(a)).
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Figure 17. - Total heat input at Earth for modified
constant-net-acceleration flight path (fig. 15(b))
and infinite range. Initial net acceleration, 10 g's;
initial velocity ratio, 2.0; maximum 1lift-drag ratio,
1.0; entry vehicle gross weight, 10,000 pounds; aver-
age entry vehicle density, 20; geometric leading-edge
sweep angle, 60°.
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